Two sulfanylidene-1,2,3,4-tetrahydropyrimidine derivatives have been synthesized using acid-catalysed cyclocondensation reactions between thiourea, ethyl 3-oxobutanoate and substituted benzaldehydes. In each of ethyl (4RS)-4-(4-benzyloxyphenyl)-6-methyl-2-sulfanylidene-1,2,3,4-tetrahydropyrimidine-5-carboxylate, C 21 H 22 N 2 O 3 S, (I), where Z 0 = 2, and ethyl (4RS)-4-(4-methoxyphenyl)-6-methyl-2-sulfanylidene-1,2,3,4-tetrahydropyrimidine-5-carboxylate 0.105-hydrate, C 15 H 18 N 2 O 3 SÁ-0.105H 2 O, (II), the reduced pyrimidine ring adopts a conformation intermediate between the boat, screw-boat and twist-boat forms. In (I) and (II), a combination of N-HÁ Á ÁO and N-HÁ Á ÁS hydrogen bonds links the organic molecules into ribbons containing alternating R 2 2 (8) and R 4 4 (20) rings. In (I), the ribbon contains three types of ring, viz. two different R 2 2 (8) rings which are both centrosymmetric and R 4 4 (20) rings which are not centrosymmetric. In (II), the ribbon contains two types of ring, both of which are centrosymmetric. In compound (II), the ribbons enclose continuous channels which run along the twofold rotation axes in the space group C2/c, and the partialoccupancy water molecules lie within these channels. Structural comparisons are made with a number of related compounds.
Introduction
Multicomponent reactions are of importance in synthetic chemistry because of their ability to produce quite complex molecular products from simple precursors in a single step. The multicomponent synthesis of 3,4-dihydropyrimidones or 3,4-dihydropyrimidinethiones using urea or thiourea, a keto ester and an aldehyde, catalysed by mineral acids, as developed by Biginelli (1893) , is of considerable importance mainly because of the various biological activities shown by pyrimidine derivatives, such as antiviral (Hurst & Hull, 1961) , antitumour (El-Hashash et al., 1993) and antimicrobial activities (Karale et al., 2002) , as well as herbicidal and plant growth regulator activities (Chambhare et al., 2003) , and action as calcium channel blockers (Manjula et al., 2004) . A number of variations of the original Biginelli protocol have been developed in recent years, including the use of ionic liquids as the reaction solvent, which also act as the catalytic agent (Peng & Deng, 2001) , of ultrasound irradiation (Li et al., 2003) , of simple metal salts as the catalytic agent (Maiti et al., 2003) or of microwave irradiation (Youssef & Amin, 2012) .
We report here the molecular structures and supramolecular assembly of ethyl (4RS)-4-(4-benzyloxyphenyl)-6methyl-2-sulfanylidene-1,2,3,4-tetrahydropyrimidine-5-carboxylate, (I) (Fig. 1) , which was synthesized in good yields using three-component cyclocondensation reactions between thiourea, ethyl 3-oxobutanoate and 4-benzyloxybenzaldehyde, catalysed by silicon tetrachloride acting as a Lewis acid. We have also taken the opportunity to redetermine the structure of the closely related ethyl (4RS)-4-(4-methooxyphenyl)-6methyl-2-sulfanylidene-1,2,3,4-tetrahydropyrimidine-5-carboxylate, (II) (Fig. 2) , using diffraction data collected at 200 K. The structure of (II) has been reported recently (Nayak et al., 2010) using data collected at 292 K, but in our hands this compound crystallized as a 0.105-hydrate, whereas the previous report made no mention of any water component.
The redetermination, as the partial hydrate, reported here converged with significantly lower R values (R 1 and wR 2 = 0.0359 and 0.0958, respectively, as opposed to 0.0468 and 0.1376), despite the use of a substantially larger data set (4023 unique reflections, as opposed to 2907). More importantly, however, our re-analysis of the supramolecular assembly in (II) has revealed some interesting features which appear to have been overlooked in the earlier report. The structures of a number of related compounds (see Scheme 1) have been reported in recent years; some of these have been the subject of short single-structure reports which usually contain only a very brief structural description and, in general, no detailed analysis of the hydrogen bonding. Consequently, it seemed worthwhile to draw together these scattered results for comparative purposes in the hope that some general patterns may be discernible. The purposes of the present study are: (i) the determination of the molecular and supramolecular structure of compound (I); (ii) the re-interpretation of the supramolecular assembly in compound (II); (iii) the comparison of the supramolecular assembly in compounds (III)-(XIV) (see Scheme 1) with that in (I) and (II); (iv) to consider the differences in supramolecular assembly in some analogues, i.e. (XV)-(XVII) (see Scheme 2), in which only one N-H bond is present in each molecule.
Experimental

Synthesis and crystallization
For the synthesis of compounds (I) and (II), a mixture of thiourea and ethyl 3-oxobutanoate (0.01 mol of each) was added at ambient temperature to a solution of the appropriately substituted benzaldehyde (0.01 mol) in acetonitrile-N,N-dimethylformamide (2:1 v/v, 50 ml). The reaction mixtures were cooled to 273 K, silicon tetrachloride (0.9 mmol) was added dropwise and the mixtures were stirred at ambient temperature for 24 h. Ice-cold water (100 ml) was added and each mixture was stirred for a further 30 min. The resulting solid products were collected by filtration, washed with water and dried under reduced pressure. Compound (I): yield 73%, 
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 1 . All H atoms were located in difference maps. H atoms bonded to C atoms were then treated as riding atoms in geometrically idealized positions, with C-H = 0.95 (aromatic), 0.98 (CH 3 ), 0.99 (CH 2 ) or 1.00 Å (aliphatic C-H) and U iso (H) = kU eq (C), where k = 1.5 for the methyl groups, which were permitted to rotate but not to tilt, and 1.2 for all other H atoms bonded to C atoms. For H atoms bonded to N atoms, the atomic coordinates were refined with U iso (H) = 1.2U eq (N), giving the N-H distances shown in Table 3 . For compound (I), three low-angle reflections (001, 111 and 121), and for compound (II), one low-angle reflection (002), which had all been attenuated by the beam stop, were omitted from the refinements. Examination of the refined structure of (I) showed that this structure contained no solvent-accessible voids. However, the structure of (II) contains a total void volume of 350.7 Å 3 per unit cell, ca 10.8% of the total cell volume, arranged in the form of continuous channels aligned along the twofold rotation axes. The largest peak in the difference map, i.e. 0.88 e Å À3 , was located on a twofold rotation axis within the channel and distant by ca 2.97 Å from the two symmetry-related atoms of type O441. Using the CIF and .fcf files from this refinement, the SQUEEZE tool (Spek, 2015) within PLATON (Spek, 2009 ) identified a total of 11.4 additional electrons per unit cell located in the solvent-accessible voids, equivalent to ca 0.14 molecules of water per molecule of the organic component. Hence, this residual peak was modelled as the O atom, denoted O71, of a partial-occupancy water molecule which was refined isotropically; the H atoms associated with this O atom could not be located in difference maps but were placed in calculated positions, with O-H = 0.935 Å and U iso (H) = 1.5U iso (O). Inclusion of this water molecule in the refinement then gave a value of 0.105 (5) molecules of water per molecule of the organic component, close to the value indicated by SQUEEZE, and there were no significant features in the final difference map. A further application of the SQUEEZE procedure at this point indicated that essentially all of the additional electron density had been accounted for by the partially occupied water molecule. It should be emphasized here that both applications of the SQUEEZE procedure referred to above were intended only to estimate the number of electrons not yet accounted for at those stages of the refinement, and that the refinements at every stage were undertaken with the original data, independent of SQUEEZE.
Results and discussion
Compound (I) crystallizes in the space group P1 with Z 0 = 2. It will be convenient to refer to the molecules of compound (I) which contain atoms S121 and S221 (cf. Fig. 1 ) as types 1 and 2, respectively. The two independent molecules in the selected asymmetric unit for (I) are related by an approximate translation of c/2. However, the minor but significant differences between the corresponding pairs of geometrical parameters for the two molecules (Tables 2 and 3) appear to preclude the The molecular structures of the R enantiomers of the two independent molecules in compound (I), showing the atom-labelling schemes for (a) a type 1 molecule and (b) a type 2 molecule. Displacement ellipsoids are drawn at the 30% probability level. possibility of them being geometrically identical, and a detailed comparison of the atomic coordinates for corresponding pairs of atoms shows that the translational relationship is, indeed, approximate but not exact. The ADDSYM routine within PLATON (Spek, 2009 ) confirms that the present reduced cell is the correct one. Nonetheless, of the reflections labelled 'observed' for (I), those having odd values of l are in general significantly weaker than those having even values of l.
Each of the independent molecules in compounds (I) and (II) contains a stereogenic centre, at atoms Cx4 (x = 1 or 2 hereafter) in (I) and at atom C4 in (II). The reference molecules were all selected at those having the R configuration at these atoms, but the centrosymmetric space groups confirm that compounds (I) and (II) both crystallize as racemic mixtures.
The reduced pyrimidine rings are all nonplanar and all have very similar ring-puckering (Cremer & Pople, 1975) parameters (Table 2) , which indicate ring conformations intermediate between the boat, screw-boat and twist-boat forms.
The ideal values of the ring-puckering angles for these three forms (Boeyens, 1978 ) are = 90.0, 67.5 and 90.0 , respectively, and ' = (60k) for the boat form and ' = (60k + 30) for the other two forms, where k represents an integer. The conformations adopted by the ester units are also similar, as indicated by the relevant torsion angles, as are the orientations of the aryl rings bonded to the reduced pyrimidine rings ( Table 2) .
The alkoxy C atoms, i.e. Cx77 in (I) and C441 in (II), are nearly coplanar with the C41-C46 and Cx41-Cx46 aryl rings, respectively, with displacements from these ring planes of 0.148 (2) and 0.048 (2) Å for atoms C177 and C277, respectively, in (I), and of 0.220 (2) Å in (II). Associated with this near coplanarity, the corresponding pairs of exocyclic C-C-O angles in (II) and (III) all differ by ca 10 , as is often observed in such circumstances (Seip & Seip, 1973; Ferguson et al., 1996) .
The supramolecular assembly in compounds (I) and (II) is determined by a combination of N-HÁ Á ÁO and N-HÁ Á ÁS hydrogen bonds (Table 3) , where in all cases the N-HÁ Á ÁO hydrogen bonds utilize the carbonyl O atom of the ester unit as the acceptor. However, the structures contain neither any aromaticstacking interactions nor any significant C-HÁ Á Á(arene) interactions. The only reasonably short C-HÁ Á Á(arene) contacts either involve a methyl C-H bond or they have a C-HÁ Á ÁCg angle less than 135 (where Cg represents the ring centroid concerned); in neither case are these contacts likely to be of structural significance (Riddell & Rogerson, 1996 , 1997 Wood et al., 2009) .
Within the selected asymmetric unit of (I), the two molecules are linked by an N-HÁ Á ÁO hydrogen bond (Table 3) , and these two-molecule units are linked by a second N-HÁ Á ÁO hydrogen bond to form a C 2 2 (12) (Bernstein et al., 1995) chain running parallel to the [001] direction ( Fig. 3 ). Inversionrelated pairs of these chains are linked by the two independent N-HÁ Á ÁS hydrogen bonds to form a ribbon. Within the ribbon, R 2 2 (8) rings involving only type 1 molecules are centred at (0, 1, n + 1 2 ) and R 2 2 (8) rings involving only type 2 molecules 
Figure 2
The molecular structure of the R enantiomer of compound (II), showing the partial-occupancy water molecule and the atom-labelling scheme. Displacement ellipsoids are drawn at the 30% probability level. Table 2 Selected geometrical parameters (Å , ).
Ring-puckering parameters are calculated for the atom sequence Nx1-Cx2-Nx3-Cx4-Cx5-Cx6, where x = 1 or 2 for (I) and x = nil for (II). Hydrogen bond parameters (Å , ). (17) 
are centred at (0, 1, n), where n represents an integer ( Fig. 3 ).
Between each pair of R 2 2 (8) rings there is a noncentrosymmetric R 4 4 (20) ring which involves four molecules, two of type 1 and two of type 2. The mid-points of the R 4 4 (20) rings are close to (0, 1, n 2 + 1 4 ), but these points are not crystallographic centres of inversion, merely the mid-points between pairs of genuine inversion centres. The centrosymmetric nature of both types of R 2 2 (8) ring confirms that only one type of R 4 4 (20) ring is present, giving a ribbon containing three types of ring in total.
Molecules of (II) which are related by translation are linked by N-HÁ Á ÁO hydrogen bonds to form a C(6) (Bernstein et al., 1995) chain running parallel to the [010] direction ( Fig. 4) . Inversion-related pairs of such chains are linked by the N-HÁ Á ÁS hydrogen bonds to form a ribbon containing edge-fused centrosymmetric rings in which R 2 2 (8) rings are centred at ( 3 4 , n + 1 4 , 0) and R 4 4 (20) rings are centred at ( 3 4 , n À 1 4 , 0), where n again represents an integer. Four ribbons of this type pass through each unit cell and they are arranged such that they enclose continuous channels, four per unit cell, running along the twofold rotation axes and having a mean diameter of ca 3.9 Å (Fig. 5 ). The partial-occupancy water molecules are located in these channels, weakly linked to the organic components by O-HÁ Á ÁO hydrogen bonds (Table 3 ). The earlier report (Nayak et al., 2010) on compound (II) did not mention the presence of the stereogenic centre, nor were the graph-set motifs defining the hydrogen bonding specified. The supramolecular structure was described as 'sheet-like' when, in fact, it takes the form of a ribbon, as in compound (I). More importantly, the earlier report contains no mention of the mutual arrangement of the ribbons, forming the channels (Fig. 5 ), even though these are clearly apparent in the ambient-temperature structure.
We turn now to a comparison of the supramolecular assembly in some related compounds (III)-(XIV) (see Scheme 1) with the assemblies reported here for compounds (I) and (II). Compounds (III)-(VI) are all isostructural (Qin et al., 2006; Nayak et al., 2009 Nayak et al., , 2010 and all form ribbons containing alternating R 2 2 (8) and R 4 4 (20) rings, just as in (II). Entirely similar ribbons are present also in the structures of compounds (VII) and (VIII) (Nayak et al., 2010) , (XI) (Begum & Vasundhara, 2006) , (XIII) (Begum & Vasundhara, 2009 ) and (XIV) (Li et al., 2007) , although those in (XII) are weakly linked into sheets by C-HÁ Á ÁO hydrogen bonds in which one of the nitro-group O atoms acts as the acceptor. The supramolecular assembly in compounds (I)-(VIII), (XI), (XIII) and (XIV) thus involves, in every case, the linkage of inversion-related pairs of molecules by N-HÁ Á ÁS hydrogen bonds and the linkage of molecules related by translation by means of N-HÁ Á ÁO hydrogen bonds, to give ribbons containing alternating R 2 2 (8) and R 4 4 (20) rings. Exceptions to this pattern are found in compounds (IX) and (X) (Nayak et al., 2010) , where re-analysis of the structures shows that N-HÁ Á ÁO hydrogen bonds are absent and the structures contain ribbons of edge-fused R 2 2 (8) rings built only from N-HÁ Á ÁS hydrogen bonds. Another exception is provided by 4-cyano derivative (XII), which crystallizes with Z 0 = 2 (Wu et al., 2009) . The original structure report described the supramolecular assembly as three-dimensional, but reanalysis of this structure using the deposited atomic coordinates shows that it is, in fact, one-dimensional. Each of the two independent molecular types forms a C(6) chain built from N-HÁ Á ÁO hydrogen bonds linking molecules related by translation, but only one N-HÁ Á ÁS hydrogen bond is present, leading to the formation of a ribbon in which R 4 4 (20) rings alternate with R 4 4 (24) rings, although R 2 2 (8) rings are absent (Fig. 6) ; it is of interest that the cyano groups play no part in the hydrogen bonding.
Finally, it is of interest to note the effect of substitution at one of the pyrimidine N atoms, as in compounds (XV)-(XVII) (see Scheme 2), so that there are now two good hydrogenbond acceptors present in each molecule, viz. the doublybonded O and S atoms, but only one N-H donor. In each of compounds (XV) (Kumaradhas et al., 2007) and (XVI) (Fun et al., 2008) , inversion-related pairs of molecules are linked by N-HÁ Á ÁS hydrogen bonds into R 2 2 (8) dimers. Compound (XVII) (Fun et al., 2009 ) crystallizes with Z 0 = 4; two of the four independent molecules are linked by N-HÁ Á ÁS hydrogen bonds to form a noncentrosymmetric R 2 2 (8) dimer, while each of the other two molecules forms a centrosymmetric R 2 2 (8) dimer with an inversion-related analogue. Thus, in each of compounds (XV)-(XVII), N-HÁ Á ÁS hydrogen bonds are present forming exactly the same type of motif as in compounds (I)-(XIV), but N-HÁ Á ÁO hydrogen bonds are absent, so that they resemble compounds (IX) and (X), rather than compounds (I)-(VIII), (XI), (XIII) and (XIV).
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Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å 2 )
x y z U iso */U eq N11 0.21431 (12) 0.71459 (9) 0.43348 (7) 0.0238 (2) 0.0274 (7) 0.0264 (7) 0.0265 (6) −0.0094 (6) 0.0000 (5) −0.0091 (5) C143 0.0256 (7) 0.0350 (7) 0.0283 (7) −0.0110 (6) 0.0022 (5) −0.0069 (6) C144 0.0267 (7) 0.0243 (6) 0.0258 (6) −0.0099 (5) −0.0098 (5) 0.0044 (5) C145 0.0302 (7) 0.0220 (6) 0.0318 (7) −0.0063 (5) −0.0094 (6) −0.0055 (5) C146 0.0239 (7) 0.0224 (6) 0.0199 (5) 0.0169 (5) 0.0203 (5) −0.0023 (4) −0.0032 (4) −0.0036 (4) C24 0.0199 (6) 0.0184 (5) 0.0156 (5) −0.0049 (5) −0.0012 (4) −0.0026 (4) C25 0.0215 (6) 0.0171 (5) 0.0171 (5) −0.0051 (5) −0.0019 (4) −0.0017 (4) C26 0.0223 (6) 0.0182 (6) 0.0181 (5) −0.0049 (5) −0.0018 (5) −0.0014 (4) C241 0.0210 (6) 0.0176 (5) 0.0169 (5) −0.0054 (5) −0.0037 (4) −0.0012 (4) C242 0.0246 (7) 0.0240 (6) 0.0205 (6) −0.0081 (5) −0.0015 (5) −0.0065 (5) C243 0.0229 (6) 0.0291 (7) 0.0227 (6) −0.0096 (5) −0.0003 (5) −0.0044 (5) C244 0.0236 (6) 0.0217 (6) 0.0248 (6) −0.0080 (5) −0.0085 (5) 0.0016 (5) C245 0.0278 (7) 0.0238 (6) 0.0275 (6) −0.0074 (5) −0.0048 (5) −0.0093 (5) C246 0.0243 (6) 0.0260 (6) 0.0220 (6) −0.0065 (5) −0.0001 (5) −0.0084 (5) O244 0.0266 (5) 0.0284 (5) 0.0376 (5) −0.0134 (4) −0.0060 (4) −0.0050 (4) C277 0.0289 (7) 0.0321 (7) 0.0359 (8) −0.0170 (6) −0.0063 (6) 0.0056 (6) C271 0.0237 (7) 0.0316 (7) 0.0354 (7) −0.0152 (6) −0.0030 (6) 0.0023 (6) C272 0.0345 (8) 0.0405 (9) 0.0372 (8) −0.0120 (7) −0.0065 (7) 0.0042 (7) C273 0.0377 (9) 0.0497 (10) 0.0540 (11) −0.0121 (8) −0.0115 (8) 0.0184 (8) C274 0.0298 (9) 0.0330 (8) 0.0824 (14) −0.0077 (7) −0.0010 (9) 0.0088 (9) C275 0.0333 (9) 0.0391 (9) 0.0667 (12) −0.0146 (7) 0.0055 (8) −0.0110 (8) C276
0.0305 (8) 0.0418 (9) 0.0429 (9) −0.0168 (7) −0.0018 (7) −0.0048 (7) C251 0.0242 (6) 0.0204 (6) 0.0183 (6) −0.0059 (5) −0.0021 (5) −0.0021 (4) O251 0.0590 (7) 0.0257 (5) 0.0175 (5) −0.0055 (5) −0.0070 (5) −0.0032 (4) O252 0.0483 (6) 0.0176 (4) 0.0176 (4) −0.0045 (4) −0.0047 (4) 0.0004 (3)  C253 0.0440 (9) 0.0230 (6) 0.0195 (6) −0.0061 (6) −0.0040 (6) 0.0035 (5) C254 0.0954 (16) 0.0224 (7) 0.0287 (8) −0.0043 (9) −0.0006 (9) 0.0019 (6) (4RS)-4-(4-methoxyphenyl)-6-methyl-2-sulfanylidene-1,2,3,4- 0.5704 (9) 0.033 (2) 0.0609 (7) 0.029* C2 0.64611 (7) 0.17583 (17) 0.03842 (5) 0.0227 (2) S21 0.69387 (2) 0.00082 (4) 0.01780 (2) 0.03111 (11) 0.0294 (6) 0.0197 (5) 0.0294 (5) −0.0050 (4) 0.0159 (4) −0.0029 (4) C4 0.0268 (6) 0.0149 (5) 0.0273 (6) −0.0029 (4) 0.0104 (5) −0.0005 (4) C5 0.0243 (6) 0.0176 (5) 0.0267 (6) −0.0017 (4) 0.0075 (5) 0.0006 (4) C6 0.0231 (6) 0.0191 (5) 0.0269 (6) −0.0011 (5) 0.0069 (5) 0.0008 (4) C41 0.0258 (6) 0.0151 (5) 0.0279 (6) −0.0012 (4) 0.0092 (5) −0.0018 (4) C42 0.0293 (6) 0.0221 (6) 0.0312 (6) −0.0048 (5) 0.0110 (5) 0.0004 (5) C43 0.0385 (7) 0.0249 (6) 0.0286 (6) −0.0026 (5) 0.0102 (5) 0.0032 (5) C44 0.0318 (7) 0.0217 (6) 0.0311 (6) 0.0013 (5) 0.0048 (5) −0.0036 (5) C45 0.0279 (6) 0.0261 (6) 0.0367 (7) −0.0064 (5) 0.0092 (5) −0.0026 (5) C46 0.0305 (6) 0.0228 (6) 0.0307 (6) −0.0051 (5) 0.0120 (5) 0.0003 (5) O441 0.0399 (6) 0.0367 (5) 0.0341 (5) −0.0038 (5) −0.0020 (4) −0.0007 (4) C441 0.0671 (12) 0.0435 (9) 0.0359 (8) −0.0066 (9) −0.0084 (8) 0.0059 (7) C51 0.0260 (6) 0.0192 (6) 0.0304 (6) −0.0008 (5) 0.0069 (5) 0.0000 (5) O51 0.0404 (6) 0.0166 (4) 0.0603 (7) −0.0019 (4) 0.0226 (5) 0.0007 (4) O52 0.0373 (5) 0.0189 (4) 0.0628 (7) 0.0028 (4) 0.0283 (5) 0.0022 (4) C53 0.0372 (8) 0.0220 (6) 0.0559 (9) 0.0057 (6) 0.0205 (7) −0.0009 (6) C54 0.0538 (10) 0.0326 (8) 0.0868 (13) 0.0011 (7) 0.0407 (10) −0.0058 (9) C61 0.0277 (7) 0.0221 (6) 0.0593 (9) −0.0048 (5) 0.0173 (6) −0.0030 (6) 
(II) Ethyl
